Background. While Zika virus (ZIKV) is mainly transmitted by mosquitoes, numerous cases of sexual transmission have been reported during recent outbreaks. Little is known about which host cell types or entry factors aid in mediating this sexual transmission.
Although Zika virus (ZIKV), as with other flaviviruses, is mainly transmitted by Aedes mosquitoes, sexual transmission has been documented since 2011, and cases of infection have now occurred in Europe, Oceania, and the Americas [1] [2] [3] [4] [5] . Indeed, mathematical modeling of ZIKV sexual transmission in the Colombian outbreak suggests it may account for 47% of infections [6] . While most case reports of ZIKV sexual transmission involve male-tofemale transmission, several cases of male-to-male transmission and female-to-male transmission have also been documented [7, 8] . The Centers for Disease Control and Prevention has documented 46 cases of sexually transmitted ZIKV infection in the United States alone [9] . This may be severely underreported, owing to the number of asymptomatic individuals. However, little is known about ZIKV tropism within the urogenital tract and which cell types are mediating transmission between sex partners.
ZIKV RNA has been detected in the semen and urine of infected males, as well as in the urine, saliva, and plasma of their partners following sexual transmission [10] [11] [12] [13] [14] [15] . Viral RNA has been shed in the semen up to 188 days after infection, and infectious virus has been detected up to 69 days after infection [8, 16] . ZIKV RNA was also detected in the semen of 3 vasectomized men up to 96 days after infection, indicating that ZIKV replication must be occurring in urogenital tract tissues other than the testes [17] [18] [19] . The ductus deferens are severed during a vasectomy, and any viral replication in the testes would not be detected in the ejaculate of a vasectomized man. Furthermore, the primary urogenital tract symptoms associated with male ZIKV infection are hematospermia and prostatitis, supporting the hypothesis that urogenital accessory glands, including the prostate, may be affected by ZIKV infection as a probable site of viral replication [4] .
While human sexual transmission is occurring during this outbreak, animal models to study urogenital tract ZIKV infection are inconsistent and limited. One study using a mouse model documented ZIKV replication in the testes but not in the prostate, while another described the presence of ZIKV in the prostate tissue [20, 21] . Other mouse models demonstrated sexual transmission in vasectomized mice with significantly reduced levels of infectious virus being shed in the semen [22] . However, these models are severely limited, as many of these mice lack the type I interferon receptor and are unable to signal through murine STAT-2, causing lessened antiviral effects. The importance of interferon signaling in innate immunity to flaviviruses is well documented [23] .
Studies in nonhuman primates have shown ZIKV RNA in the prostate of infected cynomolgus macaques 7 days after infection and in the prostate of infected rhesus macaques 28 days after infection [24] [25] [26] . Persistent replication foci were also detected in the prostate of cynomolgus macaques, demonstrating that tissues other than testes could be contributing to the presence of virus in semen [24] . However, nonhuman primates do not achieve levels of viremia comparable to that in human infection and may have limitations for recapitulating human ZIKV infection [24, 25] . Studying ZIKV infection of the urogenital tract in humans is challenging, and it would be very difficult to obtain prostate specimens from sick males, unless they were simultaneously undergoing prostate cancer biopsies. Thus, having a relevant human cell culture model system would help shed light on ZIKV tropism.
To investigate ZIKV tropism within the human prostate, we performed in vitro infections of human prostate mesenchymal stem cells (MSCs) and immortalized prostate epithelial cells with 3 ZIKV isolates and tested for the presence of viral RNA, envelope protein, nonstructural protein, replication complexes, and live virus at regular intervals. We show that human prostate stromal MSCs, epithelial cells, and organoids are permissive to infection with ZIKV clinical isolates and that they produce infectious virus in significant quantities.
METHODS

Human Cells and Organoid Culturing
Cells used in these experiments include 19I prostate stromal cells and the LNCaP prostate epithelial adenocarcinoma cells (CRL-1740, ATCC). 19I cells (provided by D. Rowley) are MSCs derived from a healthy prostate donor and maintain normal phenotypes when passaged in culture for several months [27] . They are nontransformed stem cells, can be differentiated into any mesenchymal cell lineage, have not been genetically engineered, are phenotypically and genetically identical to primary bone marrow-derived MSCs, and behave the same as bone marrow-derived MSCs in culture [27] . 19I cells were maintained in Bfs medium, composed of high-glucose Dulbecco's modified Eagle's medium (Gibco) supplemented with 5% (v/v) fetal bovine serum (HyClone), 5% (v/v) NuSerum (Collaborative Research), 0.5 μg/mL testosterone (Sigma), 5 μg/mL insulin (Sigma), 100 U/mL penicillin (Sigma), and 100 μg/mL streptomycin (Sigma), at 37°C with 5% CO 2 . LNCaP cells were maintained in high-glucose Roswell Park Memorial Institute 1640 medium with L-glutamine and HEPES (ATCC), supplemented with 10% (v/v) fetal bovine serum (Atlanta Biologicals), 100 U/ mL penicillin, and 100 μg/mL streptomycin.
Three-dimensional prostate organoids composed of 19I and LNCaP cells were produced using methods previously described [27] . Briefly, 19I (4 × 10 5 cells/mL) and LNCaP cells (2 × 10 5 cells/mL) were seeded onto 12-mm Millicell-CM Cell Culture inserts (Millipore), placed into a 24-well culture plate (Corning) with Bfs medium, and self-assembled after 2 days. Organoid medium selection may be suboptimal for LNCaP cells but has been previously used without any quantitative growth differences [27] . These organoids maintain a normal, spheroid structure and will survive for several weeks if the medium is periodically changed. Organoids are inverted in structure as compared to the anatomical orientation of stromal and epithelial cells in the prostate and contain interior stromal cells and an exterior epithelium.
Virus Strains
Three ZIKV isolates were used in these experiments. ZIKV FLR (GenBank accession number KU820897.5) was propagated in Aedes albopictus C6/36 cells, obtained from a serum specimen from an individual who traveled to Colombia in December 2015 [28] . ZIKV FLA (GenBank accession number KY989971) was isolated from a viremic subject in Florida, who was also infected in Colombia during December 2015, and was propagated in primary human monocyte-derived dendritic cells (unpublished data). ZIKV HN16 (GenBank accession number KY328289) was isolated on Vero cells from a viremic subject in Houston, Texas, who had recently traveled to Honduras [29] . All passages of ZIKV used in this study were 1 or 2, meaning that they were grown directly from each patient's serum specimen only once or twice in cell culture. These ZIKV strains differ by 14-41 nucleotides by pair-wise comparison and code for 7 amino acid differences total. There are no nucleotide differences in the 5´ untranslated regions and 1 nucleotide difference within the 3´ untranslated regions. Dengue virus serotype 2 (DENV-2) strain K0049, a nonsexually transmitted flavivirus, was propagated 3 times (from a patient's serum specimen), and was used for comparison [30] .
Viral Infections
19I cells, LNCaP cells, and prostate organoids were infected with passage 1 (Figure 1 and Figure 2 ) or passage 2 ( Figure 3 ) ZIKV strains FLA, FLR, or HN16 at a multiplicity of infection (MOI) of 1 for 2 hours at 37°C with 5% CO 2 . The MOI was calculated on the basis of the number of RNA copies per milliliter and the number of tissue culture infective doses per milliliter of each virus and the amount of cells to be infected. Virus was removed, cells were washed with 1× phosphate-buffered saline (PBS; HyClone) 3 times, and medium was replaced. Infected LNCaP cells were cultured in Roswell Park Memorial Institute 1640 medium supplemented with 5% (v/v) fetal bovine serum and no antibiotics, and infected 19I cells and organoids were cultured in Bfs medium. Cells and organoids were kept at 37°C with 5% CO 2 up to 14 days after infection, and 50 μL of supernatants were collected daily in TRIzol LS (ThermoFisher) and stored at -70°C. UV-inactivated ZIKV-FLR was used as a negative control, and cells were infected with equivalent RNA copies. FLR was exposed to 45 J/cm 2 of UV irradiation with a Stratagene UV crosslinker.
Real-Time Quantitative Polymerase Chain Reaction (qPCR) Analysis
Viral RNA was extracted from supernatants collected from 19I cells, LNCaP cells, or organoids infected with ZIKV or DENV-2, using TRIzol LS according to manufacturer's instructions. Real-time qPCR was performed using primers and probes for the ZIKV envelope gene or DENV-2 capsid gene [31, 32] . Reactions were performed on a StepOnePlus real-time PCR system (Applied Biosystems), using TaqMan Fast Virus 1-Step Master Mix kit (Applied Biosystems) according to the manufacturer's instructions. Concentrations of viral RNA (copies/mL) were determined by comparison to a standard curve generated from ZIKV-FLR or DENV-2 transcripts, run simultaneously.
Immunofluorescence Assay (IFA) and Immunohistochemical (IHC)
Staining
IFAs were performed by fixing ZIKV-or DENV-2-infected cells to Nunc Lab-Tek chamber slides (ThermoFisher) with 100% cold acetone (ThermoFisher) for 20 minutes and washing with 1× PBS. Cells were blocked with 1% bovine serum albumin (Sigma) for 1 hour at 37°C and incubated for 2 hours at 37°C with mouse J2 monoclonal antibody (mAb; J2-1608, Scicons), for detection of double-stranded RNA (dsRNA), and with rabbit 4G2 mAb (EMD Millipore), for detection of flavivirus envelope protein [33] . Cells were washed with 1× PBS with 0.1% (v/v) Tween and incubated with AlexaFluor 594-conjugated anti-rabbit immunoglobulin G antibody (8889S; Cell Signaling) and AlexaFluor 647-conjugated anti-mouse immunoglobulin G antibody (A-21235; ThermoFisher) at 37°C for 2 hours. Cells were washed, stained with DAPI (Life Technologies), and mounted using SlowFade Diamond Anti-fade Mountant (ThermoFisher). Imaging was performed on a Nikon A1-R confocal microscope. IHC staining was performed on organoids after fixation, paraffin embedding, and sectioning. Organoids were fixed 4 days after infection in 4% (w/v) electron microscopy-grade paraformaldehyde (Polysciences) in 1× PBS for 15 minutes and washed with 1× PBS before transferring to histology cassettes. Cassettes were processed using a Leica TP1020, and organoids were embedded in paraffin; blocks were sectioned in 5-μm slices. Colorimetric IHC staining was performed using NS5 polyclonal antibody (NBP2-42900; Novus), which is specific for nonstructural flavivirus protein NS5, and J2 mAb, which is specific for dsRNA. Uninfected organoids were sectioned and stained with hematoxylin-eosin 4 days after culturing, to demonstrate morphology. Imaging was performed on a Biotek Cytation5.
Limiting Dilution Virus Titration
Vero cells (clone E6; CRL-1568, ATCC) were seeded onto Nunc Lab-Tek chamber slides 24 hours before experiments. Cell supernatants were collected from ZIKV-infected 19I cells, LNCaP cells, or prostate organoids 5 days after infection and serially diluted using 10-fold dilutions (up to 10 8 ). Diluted cell supernatants were added directly to Vero cells and incubated for 1 hour at 37°C with 5% CO 2 . Inoculum was replaced with fresh medium and kept at 37°C with 5% CO 2 . Five days after infection, Vero cells were processed for IFA for flavivirus envelope protein, using the 4G2 mAb as described above. By comparing the lowest dilution factor that infected the Vero cells to the number of viral RNA copies detected at the time point the supernatant was collected, we were able to calculate a tissue culture infective dose from that value as a representation of the infectious virus titer.
Flow Cytometry
LNCaP and 19I cells were stained with DC-SIGN-AF647 (FAB161R, Novus), DC-SIGNR-AF594 (FAB162T, Novus), AXL-AF488 (NBP2-12044AF488, Novus), TYRO3-AF405 (Novus; NBP1-28635AF405), and TIM-1-AF700 (FAB1750N, Novus) conjugated antibodies in 1× PBS with 2% fetal bovine serum. HEK293T cells (CRL-3216, ATCC) were transfected with each attachment factor of interest and used as positive controls. Untransfected HEK293T cells were used as a positive control for Tyro3 expression. Transfections with pcD-NA3-DCSIGN, pcDNA3-DCSIGNR, Flag-hTim1 plasmid, or pIRESpuro2 AXL plasmid were performed for 1 μg of DNA, using Xfect reagents (Clontech) according to the manufacturer's instructions. Flag-hTim1 plasmid was a gift from Lawrence Kane (Addgene plasmid number 49207) [34] . The pIRESpuro2 AXL plasmid was a gift from Aaron Meyer (Addgene plasmid number 65627) [35] . Cell analysis was performed on an LSRII Fortessa flow cytometer.
Statistical Analysis
All statistical analyses were performed using GraphPad Prism software. Data were assessed for normality, using the Shapiro-Wilk test. Standard errors of the mean were used as a measure of variance for all data sets. A Kruskal-Wallis 1-way analysis of variance with the Dunn multiple comparisons test was used to determine significant differences between ≥3 groups. A 2-tailed Mann-Whitney test was used to determine significant differences between 2 groups. P values of < .05 were used to denote statistical significance. All experiments were performed in duplicate (organoid infections and flow cytometry) or triplicate (19I and LNCaP cell infections) biological replicates with 3 technical replicates. Power analysis was performed to ensure adequate power was achieved.
RESULTS
Human Prostate Cells Are Permissive to ZIKV Infection and Replication
To evaluate the ability of ZIKV to infect and replicate in the human prostate, stromal MSCs (19I cells) were infected with 3 clinical ZIKV isolates, FLA, FLR, or HN16, at an MOI of 1. All 3 ZIKV strains showed different replication profiles in 19I cells, as determined by real-time qPCR detection of viral RNA in supernatants. Viral RNA levels of each ZIKV isolate were higher than those of a UV-inactivated ZIKV control or DENV-2 ( Figure 1A) , peaked in the 19I cells at 4 days after infection, and remained at that level over the rest of the time course. When comparing replication between strains, HN16 showed significantly higher levels of viral RNA than FLR (P = .0014) and FLA (P < .0001), whereas the level for FLR was approximately 1 log higher than that for FLA (P = .0004). Five days after infection, infectious virus was detected by limiting dilution assays in supernatants from 19I cells infected with all 3 ZIKV strains (Table 1) , and dsRNA and ZIKV envelope protein were detected on 19I cells by IFA, using J2 and 4G2 mAbs for the 3 strains ( Figure 1B ). Viral antigen and dsRNA levels detected by IFA correlated with viral RNA levels detected by real-time qPCR analysis. Together, the data suggest that ZIKV can infect human prostate stromal MSCs.
To examine ZIKV tropism in other prostate cells, human prostate epithelial adenocarcinoma (LNCaP) cells were infected with each of the 3 ZIKV strains at an MOI of 1. All 3 showed significant increases in viral RNA in culture supernatants as compared to either the UV-inactivated virus control, increasing 4-5 logs between 1 and 14 days after infection (Figure 2A ), or the DENV-2 control (P < .0001). The FLR strain replicated with more-rapid kinetics in LNCaP cells than the other 2 strains during the first 4-6 days after infection. HN16 showed slower replication but eventually reached comparable levels with FLR 8 days after infection. FLA demonstrated the slowest replication in LNCaP cells but reached similar RNA levels as FLR and HN16 by 14 days after infection. Strains FLR and HN16 produced infectious virus from infected LNCaP cells in culture supernatants 5 days after infection, as determined by limiting dilution assays (Table 1) . Detection of envelope protein (4G2 mAb) and dsRNA (J2 mAb) by IFA in the infected LNCaP cells 5 days after infection verified replication of the 3 ZIKV isolates ( Figure 2B ). The IFA results corresponded with the real-time qPCR results from that time point and confirmed relatively similar levels of infection of each viral isolate. These data indicate that ZIKV may also infect human prostate epithelial cells.
Human Prostate Organoids Are Permissive to ZIKV Infection
To examine ZIKV replication in a culture system that better represents human prostate tissue, prostate organoids composed of both LNCaP and 19I cells were used [27] . Prostate organoids were infected with HN16 at an MOI of 1 and compared to a UV-inactivated FLR control until 14 days after infection ( Figure 3A ). Organoids were also compared to HN16-infected LNCaP cells or 19I cells cultured in parallel, under the same conditions. At 4 days after infection, real-time qPCR analysis showed that the viral RNA levels of HN16 in prostate organoids or 19I cells cultured alone were approximately 2.5 logs higher than that in LNCaP cells cultured alone, although the difference was not statistically significant. HN16 replication increased in LNCaP cells alone over time, but viral RNA levels remained lower than that in the 19I cells alone or organoids. Overall, up to 14 days after infection, the organoids showed highly significant levels of viral RNA when infected with HN16 as compared to the UV-inactivated control (P < .0001). Infectious virus particles were also produced from HN16-infected organoids, as determined by limiting dilution assays (Table 1) . Histological sectioning followed by hematoxylin-eosin staining of the organoids demonstrated the structure of the organoids, containing epithelial cells on the exterior and stromal cells on the interior ( Figure 3B) . Thus, the structure of the organoids was inverted from the actual anatomical position, where the epithelial cells are on the inside of the prostate stroma, surrounding the prostatic duct. The epithelial cells are depicted on the outer surface of the organoids in Figure 3B . IHC analysis was also performed on sections of HN16-infected organoids with the J2 mAb that binds dsRNA and the NS5 polyclonal antibody that specifically binds flavivirus nonstructural protein 5. Stained sections of infected organoids demonstrated ZIKV infection, as both dsRNA and NS5 were visible ( Figure 3C) . Comparison of the hematoxylin-eosin-stained organoid architecture to that of the infected organoid revealed that the interior stromal cells were infected to a greater extent than the surface epithelial cells. Thus, while both prostate stromal and epithelial cells can be infected, there may be a preference for replication in stromal stem cells. Experiments done in duplicate (n = 2).
Abbreviations: ND, not detected; NT, not tested; TCID, tissue culture infective dose.
Interestingly, ZIKV infection of stem cells from other tissues has also been observed, including neural stem cells and umbilical cord MSCs [36, 37] .
Human Prostate Cells Express Flavivirus Attachment Factors
Previous studies have suggested that DC-SIGN, AXL, Tyro3, and TIM-1 cellular membrane proteins may facilitate ZIKV infection through attachment on the host cell surface [38] . Therefore, we investigated whether any of these previously described attachment factors were expressed on the surface of uninfected, permissive prostate cells by flow cytometry (Figure 4) Table 2 . DENV has also been shown to use these attachment factors, but our control, low-passage DENV-2, clearly did not replicate in these cells [39] .
DISCUSSION
We have shown that ZIKV infection of human prostate MSCs and epithelial cells results in increased production of viral structural and nonstructural proteins, dsRNA intermediates, and release of infectious virus. However, there are significant differences in the level of replication of these ZIKV isolates in prostate MSCs, suggesting that genetic or posttranslational modifications may alter viral infection. The ZIKV isolates vary in only 7 amino acids but were isolated in 3 different cell types. Differences in isolation cell type alters protein processing and yields various glycosylation patterns on ZIKV envelope proteins. Glycosylation differences have been shown to control tropism specificities among arboviruses [40, 41] . Variations in viral envelope glycoproteins could diminish or enhance interactions between ZIKV virions and cellular attachment factors, altering infectivity. Furthermore, the 3 ZIKV strains replicated to similar extents in the prostate epithelial cells. We suspect there were no differences in replication due to the inability of LNCaP cells to respond to interferon [42] ; LNCaP cells do not adequately express JAK1, which is critical to downstream interferon signaling. The 19I MSCs have fully functioning interferon signaling and therefore truly reflect virus strain replication variability. Future studies will investigate differences in glycosylation across the 3 clinical isolates, as well as interferon responses in the prostate MSCs. Additionally, ZIKV replicates to high levels in prostate organoids assembled from LNCaP and prostate MSCs [27] . Interestingly, ZIKV replication in the organoids mostly occurs in the stroma, even though we found that ZIKV can infect both prostate MSCs and epithelial cells and replicates to high levels in the epithelial cell cultures. This could indicate that the stromal environment is more conducive for ZIKV replication. The tropism of ZIKV for prostate MSCs suggests it could disrupt tissue repair, which is consistent with the growing evidence that ZIKV infects stem cells, resulting in abnormal differentiation and developmental malformations [36, 37] . Thus, this prostate organoid model system could also provide a way to investigate the effects of ZIKV on MSC differentiation. Together, these data suggest that the human prostate may be a genital tract reservoir for ZIKV outside of the testes, which can contribute significantly to the production of virus in semen. In some cases, the prostate may be the only source of virus due to vasectomy [17] [18] [19] .
Even though flavivirus attachment factors (ie, AXL, Tim-1, and Tyro-3) used by both ZIKV and DENV-2 are expressed on prostate cells, and recent functional genomic studies indicate these viruses require the same host factors for replication [43] , the capacity to replicate in prostate cells appears to be unique to ZIKV. This difference may account for why ZIKV but not DENV can be sexually transmitted [7] . Further studies are necessary to determine whether a prostate-specific factor enables ZIKV or restricts DENV replication.
The use of human prostate cells and low-passage ZIKV isolates in this study supports the clinical relevance of the results. It remains to be seen how many cases of sexual transmission will be documented during upcoming epidemic seasons. The ability to detect these long-term infections is probably hampered by a lack of diagnoses, especially to detect the high titers of virus in semen during early stages of ZIKV replication, when there are no symptoms of disease. Therefore, our results suggest that treatment of ZIKV genital infections are probably necessary to interrupt sexual transmission, and it is currently unclear how many of these infections add to the burden of disease. It is also uncertain whether sexual transmission contributes to fetal infections in pregnant females or whether this infection route leads to higher rates of microcephaly. Since sexually transmitted ZIKV infections could lead to long-term transmission outside of areas with infected vector mosquitoes, this type of transmission has major implications for disease control. Data are from 2 independent replicates (n = 6 per cell type).
Notes
Abbreviation: SEM, standard error of the mean.
